Introduction
Italy is the world's leading producer of globe artichokes. The most common artichoke cultivars are clones and are therefore propagated by in vivo agamic propagation techniques [1] [2] [3] . On the basis of agronomic traits, artichoke cultivars can be classified as early and late cultivars or autumnal or spring cultivars. Late cultivars include those whose production begins in February-March until May-June. These cultivars are grown in the coastal areas of central and northern Italy and are divided into two large groups named Romaneschi with spherical heads and Violetti with conical and violet heads [4] . The cultivars Terom, Violetto di Toscana, Chiusure (Violetti group) and Empolese (Romaneschi group) are commonly grown in various parts of Tuscany [5] , which is considered to have a borderline climatic region for artichoke cultivation since winter temperatures often drop quite suddenly to below 0°C.
Terom is the most recent cultivar compared to other groups and is also the most cultivated variety in Tuscany, which provides an ideal climate with coastal areas. The cultivar Terom has almost totally replaced the Violetto di Toscana and is also the most commercialized on the national market. The Empolese and Chiusure cultivars are old varieties, which take their name from Tuscan areas where they are still cultivated today (near Empoli and on the hills of the Siena, respectively) and sold in local markets. Italian artichoke cultivars are vegetatively propagated because of their substantial heterozygosis. Micropropagation enables the rapid propagation of large numbers of cloned plants selected for their value based on physiological and productive characteristics [6] [7] [8] . Micropropagation techniques also give rise to multiple artichoke plants derived from a single shoot tip of a healthy donor plant [9, 10] . In addition, since micropropagation procedures are carried out under sterile conditions, plantlets obtained by in vitro propagation are almost free from pathogenic microorganisms (fungi and bacteria). Micropropagation of artichokes is successfully employed for renewal, cloning selection and nursery production. Recently in vitro propagation of artichokes has been introduced on a large scale and with great success, especially with the C3 selection of a Romaneschi group clone (Vitroplant Italia S.r.l., Cesena, Italy). Micropropagation is a well-known technique often employed to produce virus-free mother plants. The establishment of virus-free plant material depends on the size of the excised shoot tip and is frequently associated with the use of specific additional procedures such as in vitro thermotherapy [1, 11] .
De Leo and Greco [12] were the first researchers to apply in vitro propagation to the production of artichokes. Since then other in vitro methods of artichoke propagation have been developed [9, [13] [14] [15] [16] [17] [18] and produce higher multiplication rates than traditional in vivo methods. Artichoke plants obtained from in vitro plantlets, exhibit greater vigor exhibit greater vigor and increased productivity. At the same time, the problems that arise in developing efficient protocols for the in vitro rooting phase has hampered in vitro production of certain varieties of artichoke. Rooting occurs at rates that are much too low to achieve cost-effective micropropagated plants [19] . Generally, late artichoke cultivars show a greater potential for in vitro rooting than early cultivars [14, 18] .
To fill this gap, enhanced in vitro rooting methods were needed for almost all artichoke cultivars. A comparison of different types of rooting media was made either by changing mineral or hormonal compositions [18, 20] , by adding alternative components such as cyclodextrines [21] , or by employing mycorrhizae [22] [23] [24] [25] . The effects of physical modifications in the vessel microenvironment, on rooting processes, have also been investigated [26] .
Our study focused on the in vitro propagation of four late globe artichoke cultivars (Terom, Violetto di Toscana, Empolese and Chiusure) typically grown in Tuscany, central Italy ( Figure 1 ). The aim of the study was to establish one micropropagation protocol for all four cultivars, which are currently propagated using old methods, especially offshoots. The development of an alternative method to rapidly obtain healthy plants in nursery farms will improve their economic potential. Micropropagation techniques applied to these local varieties could be also employed to clone valuable genotypes supporting genetic improvement.
Experimental Procedures

Sterilization and induction phase
Initial explants were excised from actively growing radical offshoots originating from rhizomes of four artichoke cultivars grown in the experimental fields of the Department of Crop Biology, University of Pisa, Italy. Following a previously developed procedure [26] , apex explants (2 cm in length) were soaked in an aqueous solution of ascorbic acid (0.1 g L -1 ) and citric acid (0.5 g L -1 ) in order to prevent plant material from oxidization.
After this first treatment, explants were surfacesterilized in an aqueous solution of mercury chloride (5 g L -1 ) for 3 min and rinsed three times with sterilized water. The explants were then soaked in a 20% aqueous solution of sodium hypochlorite (8% active chlorine) for 15 min, and subsequently rinsed three times with sterilized water.
Sterilized explants were transferred into disposable 30 ml vials (one explant per vial; 20 vials) containing 5 ml of induction medium (IM) consisting of a modified MS medium [27] At the end of the three-week induction phase, the contamination rate for each cultivar was observed and shoot lengths recorded. The physiological condition and the quality of the explants were evaluated by observing various qualitative parameters related to the in vitro adaptation of artichoke cultivars: the presence of callous tissues, the occurrence of the hyperhydricity phenomenon and leaf morphology. 
Proliferation phase
After the induction phase, explants were transferred to a proliferation medium. The basal proliferation medium (PM) had the same composition as the induction medium (IM): the hormonal composition was modified by adding BA (0.03 mg L -1 ) and GA 3 (0.05 mg L -1 ). For the first three subcultures, explants were maintained in small glass vessels (Baby Jar 100 ml, Sigma) containing 25 ml of PM. They were then transferred to polyethylene transparent containers (ECO 2 box round, Micropoli) containing 100 ml of PM. During the proliferation phase, explants were subcultured every three weeks.
At the end of each subculture, the length of each of the main shoots was observed as well as the presence of callous tissues and the presence of hyperhydricity. The number and length of the new shoots per explant and their proliferation ratios [28] , defined as the number of newly formed axillary shoots at the end of each subculture divided by the number of shoots at the beginning of the subculture, were recorded.
Rooting phase
The rooting phase was performed using the most elongated shoots derived from the cultures on the PM medium. The shoots, (3 cm), were transferred into six Magenta ® GA7 boxes (Sigma Aldrich, Italy; five explants per vessel) containing 50 ml of the pre-rooting medium (PRM). This medium consisted of a modified MS medium with a concentration of KNO 3 and NH 4 NO 3 reduced by half (basal medium). Two plant growth regulators were added to the PRM medium: 0.5 mg L -1 indole-3-acetic acid free acid (IAA) and 1 mg L -1 paclobutrazol (PBZ). After the pre-rooting phase (two-weeks), explants were transferred to a rooting medium (RM) that consisted of basal medium combined with 2 mg L -1 β-cyclodextrin and 2 mg L -1 α-naphthaleneacetic acid sodium salt (NAA). In order to evaluate the effect of differing physical statuses of the medium on shoot rooting ability, the culture medium was either solidified with agar (8 g L -1 ) or supported with perlite, that had been soaked in liquid medium (100:50 v/v).
Morphological parameters (mean values of the root number and length per explant) were recorded at the end of the phase. Rooting ability parameters (rooting, rooted primordia and mortality percentages) were subjected to 2-way ANOVA, and differences between means were evaluated using the Bonferroni post-test (P≤0.05). Percentage values were subjected to arcsine transformation before analysis.
The media used in the rooting phase, along with media used in the induction phase and proliferation phase, was supplemented with vitamins [18] and 30 g L -1 sucrose. Induction medium (IM) and proliferation medium (PM) were supplemented with 7.5 g L -1 Difco Bacto agar, while pre-rooting medium (PRM) was supplemented with 8 g L -1 Difco Bacto agar. The pH of all culture media was adjusted to 5.8 before autoclaving (121°C for 20 min). All cultures in the various phases were incubated in a growth chamber at 22±1°C under a 16 h photoperiod at 70 μM m -2 s -1 irradiance. All experiments were repeated twice to confirm the results of the first experiment. ANOVA evaluations and non-linear regressions were performed using GraphPad Prism version 5.00 for Windows (GraphPad Software Inc., San Diego, CA).
Acclimatization phase and field conditions
After the rooting phase, plantlets were removed from the culture medium and rinsed under tap water. They were then transplanted in plastic trays with alveolus (84 alveolus per tray, 38 mm Ø) filled with peat:perlite (1:3) and placed in a greenhouse for 45-60 days. During the first week, the trays were placed under a polythene tunnel but after this timescale plastic covers were gradually removed. Watering was carried out using a fog system programmed for 30 sec twice a day. After 15 days, the most developed plantlets were transferred into pots (90 mm Ø) and watered by drip irrigation. At the end of the acclimatization period, the surviving percentage of plants was recorded. To complete the plant weaning, acclimatized artichoke plantlets for all four cultivars (15-20 cm height) were transplanted into the field. The experimental implantation (Department of Crop Biology, S. Piero a Grado, Pisa, Italy) was made by placing plants at distances of 120 cm between the rows, and 100 cm within each of the rows.
Results and Discussion
Induction phase
During the induction phase, more than half of the explants (54%) from cv Empolese were contaminated. This may have been caused by endogenous diseases carried over from mother plants, since the surface sterilization performed with mercury chloride and sodium hypochlorite, gave good results in all other varieties. In fact, the sterilization procedure used in this work reduced the percentage of contamination to below 30% for the other three cultivars (Terom 14%, Violetto di Toscana 10.5% and Chiusure 30.5%). In this study, the modified MS medium with ¼ KNO 3 and ¼ NH 4 NO 3 concentrations used during the induction phase, and the low concentration of plant growth regulators added to the medium, enabled all explants to develop successfully. Parameters relating to morphology and the physiological conditions of the shoots are described in Table 1 . At the end of induction phase, the only difference among tested cultivars was shoot length of Empolese, which showed the highest mean values. Normally, media employed for artichoke micropropagation contains basic MS macroelements, however modified concentrations have often been used. For artichoke micropropagation, Rossi and De Paoli [16] reduced all the macronutrient content to onehalf and Brutti et al. [21] reduced the KNO 3 and NH 4 NO 3 concentrations to one-half. In addition, previous studies [10, 14, 16, 22, 24] showed that low concentrations of plant growth regulators improved the quality of explants, while higher concentrations caused an increase in the shoot hyperhydricity and browning. Media with low concentrations of plant growth regulators were used during the initial and proliferation phases of this protocol in order to avoid such negative symptoms.
Proliferation phase
In order to evaluate the influence of the proliferation medium (PM) on shoot growth over time, the evolution of the main shoot length during the twenty-four weeks of the proliferation phase was monitored (Figure 2 (Table 2) . Explants started to produce new shoots after six weeks on the medium PM and the average number and length of the new shoots are reported in Figure 3 . The mean number and length of Empolese new shoots were highest throughout the proliferation phase, with an increasing evolution over 
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time. On the other hand, cv Chiusure explants were the slowest to start a profitable proliferation, with their length increasing only after 21 weeks.
Proliferation ratios [28] were recorded after 3, 6, 9, 12, 15, 18, 21 and 24 weeks for each cultivar. Curves relative to shoot proliferation over time for all four artichoke cultivars in this experiment were fitted by nonlinear regression curves [26] (Figure 4) .
All four cultivars were characterized by exponential growth curves. One-phase exponential association, expressed by the equation g=g0+(Gmax -g0)(1 -e-Kt), was found to give the best description of the proliferation process of Empolese and Terom explants. As regards the proliferation rate of Chiusure and Violetto di Toscana explants, the exponential curve equation g=g0e-Kt, was found to give the best description. In these equations, g is the proliferation rate at time t, and g0 is the proliferation rate at the beginning of the culture cycle (time t0). Two parameters define the curves: with regard to the exponential growth, K is the constant rate of the nonlinear regression regarding the speed of the process over time, and T 50 (doubling-time) is the time required to double the initial explants. In the case of the onephase exponential association, T 50 (half-time) is the time required to achieve half of the maximum proliferation rate. The K values for Chiusure were lower than Violetto di Toscana while K values of Empolese were higher than Terom. The equations confirmed that Chiusure and Violetto di Toscana showed a slower but exponential proliferation process. Pacifici [26] , first described the proliferation of cv Grato1, which is similar to Empolese. This cultivar reached a maximum shoot proliferation with a plateau after three subcultures, thus confirming a progression of the proliferative process typical for the Romaneschi group as clearly demonstrated also by Pacifici [26] . A positive correlation was observed between the total shoot length and the proliferation ratio over time for Empolese. The exponential growth over time for the explants was accompanied by a trend in main shoot length, with a peak near 18-21 weeks on the PM medium. A relationship between proliferation rate and hyperhydricity [29, 30] was observed in the cv Empolese, and it was shown that approximately 12 weeks were necessary to double the proliferating capacity for the Empolese shoots. After this period, the proliferation rate stabilized and from the 21 st week in culture, hyperhydric symptoms were visible. The addition of low concentrations of both BA and nitrate sources in the proliferation medium slowed the onset of negative phenomena that degrade the explants. This led to good quality shoots (primary explants and axillary shoots) for all the cultivars within the culture period observed.
In a previous study regarding a late artichoke cv Grato 1 [26] , it was observed that the use of MS medium with reduced nitrate and ammonium contents, combined with appropriate amounts of BA and GA 3 provided numerous and elongated axillary shoots suitable for the following rooting phase. Other studies [13, 24] have evaluated the importance of cytokinins during the proliferation phase. This plant growth regulator, which restrains apical dominance, hastened the multiplication process, thus enabling multiple axillary buds to develop. Also, in order Table 3 . Rooting parameters recorded for all four cultivars at the end of the pre-rooting phase grown on the medium "Pre-rooting medium" (PRM).
Values are means ± SE (n=30).
Cultivars
Root primordia (%) Rooted shoots (%) Mortality (%) Table 4 . Rooting parameters recorded for all four cultivars at the end of the rooting phase grown on "Rooting medium" (RM) using different plant supports (perlite and agar). Values are means ± SE (n=30). to provide better results in the subsequent rooting step, we added a small quantity of GA 3 to the medium, since previous studies highlighted the fact that shoots increase their leaf growth during the multiplication phase [20] .
Rooting phase and acclimatization phase
Regarding the rooting process of the four cultivars, a two-step experiment with a pre-rooting and a rooting phase was performed. This method, with the presence of paclobutrazol (PBZ) in the medium, was selected to prepare and stimulate the induction of adventitious roots [25] . Each shoot was then rooted in the basic medium proposed by Brutti et al. [21] . During the pre-rooting phase, the shoots of all cultivars had typical deeply lobed, silvery, glaucousgreen leaves. PBZ completely prevented hyperhydric symptoms, however, over time, explants suffered from necrosis and death. This effect was mostly seen in Violetto di Toscana (40.34%; Table 3 ). In this short phase, Terom shoots showed the initial highest rooting ability (15.83%). According to some studies [14, 20, 31] , phenotypic features and the quality of in vitro shoots is key to the success of the rooting phase. Since some cultivars in the proliferation phase presented changes in shoot leaf morphology, and hyperhydricity, it was necessary to remedy this situation with a pre-rooting phase. In this study, the addition of paclobutrazol (PBZ) [32] , usually employed as a growth retardant, completely reduced hyperhydricity, thus improving shoot quality as observed by other Authors [32, 33] .
During the rooting phase, the use of cyclodextrins combined with auxin NAA could prove useful. It has been demonstrated [34] that cyclic oligosaccharides increase the solubility or cell-membrane permeability of auxins promoting rhizogenesis [21, 25] . Table 4 and Figure 5 show the rooting parameters and the rooting performance of the four cultivars tested on this type of medium, comparing agar and perlite supports. The 2-way ANOVA analysis underlines that different culture matrix choices could produce extremely different results within each cultivar and extremely significant interactions (P≤0.001) in each of the parameters evaluated for all cultivars compared. This may be explained by different behaviors in rooting ability (root primordial, rooted shoots and mortality percentages) depending on the cultivar considered. With exception to Empolese shoots, the rooting percentage on perlite support was the highest. Terom and Violetto di Toscana shoots showed no root development and a corresponding high shoot mortality rate on the agar matrix. Essentially, it can be noted that Terom shoots grown on the perlite support showed the highest rooting ability (42.5±5%) characterized by few and long roots, while, Empolese and Chiusure shoots grown both on the agar and perlite supports showed crowded thick roots ( Figure 6 ). Similar rooting protocols used by Cavallaro [25] and Brutti [21] reported almost 60% of rooted plantlets on early cultivars. Genotypical differences in the response to hormonal and cyclodextrins concentration used for rooting medium may have lead to the low effectiveness shown in the cultivars studied and may indicate the necessity of specific optimization for each genotype. The aeration of tissues on a porous substrate is usually better than that of an agar or a static liquid media [35] .
Other porous materials that can also be employed to support in vitro plant growth include rockwool [36] and vermiculite [37] . The results of our experiments seem to suggest that the combination of perlite, as an artificial support, combined with ventilated Magenta vessels, could improve the vessel air exchanges and a better oxygenation at the shoot bases facilitating the plant growth and rooting ability [26, 38] .
During the acclimatization phase, the four cultivars showed a generally good hardening. In particular, the survival percentages of Violetto di Toscana (90%) and Terom (100%) plantlets, which came from the perlite-rooting medium, were compared with those of Chiusure (65%) and Empolese (75%) plantlets, which came from both agar and perlite supports. It is highlighted that an appropriate shoot morphology, a good quality rooting system and an appropriate rooting support are all strategies necessary to improve the in vivo acclimatization phase [16, 38] . Almost all of the plants transplanted adapted very well to the open field conditions without recording significant failed areas. Currently, all four artichoke cultivars are conserved in vitro and a collection of approximately 100 plants from each cultivar are maintained in a healthy state and vigor within the experimental field.
Conclusions
The late cultivars (Terom, Violetto di Toscana, Empolese and Chiusure) looked at in this study were clearly affected by in vitro culture conditions in very different ways. Our protocols appear to be very encouraging, however, the rooting phase is still the most difficult stage involved in micropropagation. This 
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demonstrates the importance for specific adjustments to be made to the protocol for each genotype. Overall, the results of this study suggest that the success of this micropropagation protocol is dependent upon the maintenance of the in vitro performance of the culture. Good quality shoots is a prerequisite for a successful rooting and acclimatization of the plantlets. Controlling proliferation rates and reducing the number of subcultures during the multiplication phase could help achieve these prerequisites. The development of specific micropropagation protocols for different cultivars of artichoke would facilitate the diffusion of other alternative cultivars to the Romaneschi group. In addition, the cloning of healthy mother plants for breeding programs or production purposes is also an important factor. Further attempts to obtain the ex situ conservation of local artichoke varieties by in vitro multiplication techniques are needed. This will enable the cultivation of suitable autochthonous cultivars to be expanded and as a consequence the biodiversity of the artichoke in Tuscany restored.
